totic internalization of most plasma membrane receptors involves clathrin and dynamin, which mediate selective transport from the plasma membrane to internal endosomal compartments. Over the past two years, it has become clear that clathrin-mediated endocytosis is also required for hippocampal long-term depression [3] [4] [5] [6] , with AMPARs being internalized rapidly into clathrin-coated vesicles 5 . Conversely, induction of long-term potentiation is accompanied by insertion of AMPARs from intracellular sites into the postsynaptic density 7, 8 , presumably by exocytotic membrane fusion. Thus, a picture emerges in which activity influences cycling of ionotropic glutamate receptors 9 in and out of the membrane.
So which signaling cascades control these processes, and thus synaptic responsiveness? Some answers to this intriguing question have now emerged from two elegant papers by Malenka 1 , Sheng 2 and their colleagues. By using state-of-the-art immunofluorescence imaging techniques in live cultured hippocampal neurons labeled with antibodies, along with drugs that selectively stimulate distinct pathways of glutamate signaling, the authors provide a nascent picture of how activity may regulate synaptic strength at excitatory which different effectors can induce AMPAR internalization. They find striking similarities between the signaling mechanisms governing AMPAR endocytosis and the induction of long-term depression (LTD). Although some of the results seem to be at odds with each other, these new studies provide a glimpse into an increasingly complex web of signaling networks at glutamatergic synapses.
Because activity-dependent changes in synaptic efficacy correlate with changes in the surface levels of AMPARs, postsynaptic glutamate receptor trafficking between the plasma membrane and internal compartments is proposed to regulate the strength of excitatory synapses. EndocyIonotropic glutamate receptors (AMPARs) can move into and out of the postsynaptic membrane dynamically. Presumably such changes in the number of AMPARs at the membrane are important in activity-dependent synaptic plasticity, and thus the signaling pathways governing glutamate receptor trafficking have moved to center stage in molecular neurobiology. In this issue, Beattie et al. 1 8, 9 . The time course of this release is on the order of hundreds of milliseconds. At some presynaptic terminals, calcium stores are involved in controlling resting and residual calcium due to posttetanic potentiation, which takes place over tens of seconds 10 . By contrast, the present study by Llano and colleagues suggests that calcium stores can synchronize release to within a few milliseconds (Fig. 1) . This ability to synchronize release on short time scales raises the possibility that stores contribute to fast neurotransmitter release, also called phasic release. Previously, the only source of the high concentrations of calcium that drive phasic release was believed to be voltage-gated calcium channels, which are tightly coupled to the synaptic release machinery 11 . Recently, calcium-permeable ionotropic receptors have been implicated as additional potential sources of calcium. For example, calcium in the nervous system, but because the antibody that Llano and colleagues introduced recognizes a previously unknown population of calcium stores, it remains to be seen whether these stores show up in other neuronal types.
influx through NMDA receptors alone can trigger GABA release at dendrodendritic synapses in the olfactory bulb 12, 13 . The study by Llano and colleagues indicates that calcium stores can also supply sufficient calcium to drive fast multivesicular release. It is likely, therefore, that the stores lie very close to release sites (within a few hundred nanometers), and it will be interesting to examine this issue through studies of ultrastructure and of exogenous calcium chelators.
There are several interesting questions raised by this work. Mechanistically, how are stores being triggered to release calcium? How many release sites along the basket cell axon are recruited by calcium release from stores? Physiologically, what is the role of calcium stores in transmitter release during normal activity? Are the spontaneous release events themselves important, or do they reflect a process whose primary function is to amplify phasic release? If the latter, can the amplification, and thus synaptic strength, be modulated by activity or chemical messengers? Finally, do other synapses have calcium stores that can drive fast neurotransmitter release? Such large-amplitude mPSCs have not been commonly described
Dissecting the ins and outs of excitement: glutamate receptors on the move
Volker Haucke AMPA, NMDA or insulin can cause endocytosis of AMPA receptors. Two papers now show that these stimuli act via distinct signaling pathways, some of which also induce LTD. 2 set out to characterize AMPAR internalization in response to different stimuli, such as glutamate receptor ligands, synaptic activity and insulin. They find that agonists that selectively activate AMPA-but not NMDA-type ionotropic glutamate receptors stimulate the basal rate of dynamin-mediated AMPAR internalization via a signaling mechanism involving L-type calcium channels (Fig. 1a) . The AMPA receptor blocker CNQX surprisingly also stimulates AMPAR endocytosis, presumably by inducing a conformational change that may facilitate receptor incorporation into clathrin-coated vesicles, but does not activate L-type calcium channels. Thus, one pathway by which synaptically released glutamate may trigger AMPAR internalization is by inducing a ligand-dependent conformational change within the activated open receptor that cooperates with calcium influx through L-type calcium channels to facilitate receptor endocytosis.
In a similar set of experiments, Beattie et al. 1 describe the effects of both AMPAR and NMDA receptor (NMDAR) activation on AMPAR endocytosis. Treating neuronal cultures with either AMPA or NMDA causes significant calciumdependent AMPAR internalization, but via different signaling cascades. As discussed above, AMPA-induced AMPAR endocytosis requires calcium influx through L-type calcium channels. By contrast, NMDA treatment (Fig. 1b) causes calcium influx through the NMDAR itself, followed by AMPAR endocytosis via the calcium/calmodulin-dependent phosphatase calcineurin, a known regulator of synaptic endocytosis 10, 11 . These data may explain the long-standing observation that calcineurin is essential for hippocampal LTD 12 . Although activation of either the AMPA or the NMDA pathway results in the internalization of surface AMPAR to endosomes, NMDA seems to preferentially act in the distal portion of dendrites, suggesting that dendritic and thus presumably synaptic NMDARs are particularly effective at triggering AMPAR internalization. It is therefore possible that different modes of AMPAR internalization are being used in different regions of the neuron.
As often in a rapidly evolving field, some of the results reported by the two groups are hard to reconcile with each other. For example, according to Beattie et al. 1 , AMPA-dependent glutamate receptor endocytosis is blocked by cyclosporin A, an inhibitor of calcineurin, Because insulin can stimulate AMPAR internalization that mutually occludes LTD 4 , insulin treatment was thought to initiate a signaling cascade similar to the one elicited by NMDA. The new studies 1, 2 show that this is only partially true. Insulin seems to trigger AMPAR endocytosis via a distinct pathway that does not require calcium influx 1 , yet depends on clathrin and dynamin 2 . AMPARs internalized in response to insulin show an extremely diffuse staining pattern by immunofluorescence 1 that differs markedly from the punctate localization of AMPARs internalized in response to AMPA or NMDA 1,2 . Moreover, the internalized receptors enter a distinct membrane compartment-possibly a late endosome-after prolonged chase times 2 (Fig. 1c) , suggesting that they whereas Lin et al. 2 observe no such effect under similar conditions. One possibility is that these differences reflect the existence of two populations of AMPA receptors on the cell surface, one of which is more stable than the other. Both groups suggest that the protocol used by Beattie et al. 1 may measure the activity-dependent mode of AMPA-stimulated internalization, subtracting off constitutive endocytosis, whereas the protocol of Lin et al. 2 may preferentially measure the calcineurin-independent pathway. Resolving these discrepancies clearly will require a detailed analysis with a variety of pharmacological inhibitors and better defined experimental systems that allow a more direct way of dissecting intracellular signal transduction pathways. Touch receptors are critical in nearly everything we do to interact with the worldtying shoelaces, pouring coffee, moving cursors. Touch-transducing molecules also contribute fundamentally to biology in less obvious ways. For example, fly mutants defective in larval touch sensation are essentially inviable 1 . Despite its importance, however, our understanding of the sense of touch remains incomplete. A variety of morphologically and electrophysiologically distinct mechanoreceptor neurons are dispersed in mammalian skin, often intimately tethered to surrounding tissue or structures such as sensory hair follicles. Specialized mechanically gated ion channels that are located in these neurons are critical in transduction, but for years these channels eluded cloning efforts because of their relatively low density in the skin, the lack of biochemical reagents that avidly and specifically bind them, and the extreme difficulty of assaying for mechanical gating in heterologous expression systems. Genetic dissection of touch sensation in C. elegans came to the rescue, yielding the first candidate molecules for metazoan mechanosensory channels (reviewed in ref.
2). Price and colleagues now report the first evidence that the related mammalian channel subunit BNC1 is required for proper function of specific classes of mammalian mechanoreceptor neurons 3 .
In the nematode C. elegans, touch to the body is sensed by six mechanosensory neurons that are intimately associated with the cuticle 4 . A genetic screen identified a number of touch-insensitive mutants 4, 5 , analysis of which defined a dozen genes specifically needed for body touch sensation. Two genes from this screen encode channel subunits MEC-4 and MEC-10, which are related to the epithelial amiloride-sensitive sodium channel (ENaC) superfamily 6 and are expressed nearly exclusively in touch receptor neurons. The nematode channel subunits were named 'degenerins' (DEG) because channel-hyperactivating amino-acid substitutions can induce neuronal degeneration. Importantly, additional channel subunits of the 21-member C. elegans degenerin family have been implicated in mechanical signaling involving other sensory neurons. At least two degenerins are required for nose-touch sensation mediated by head mechanosensory neurons (our unpublished observations), and the UNC-8 degenerin is required for normal locomotion, which seems to depend on stretchsensitive neuronal signaling, analogous to proprioception 7 .
How might degenerin channels sense and transduce mechanical stimuli? The best-developed model is for the MEC-4/MEC-10 touch receptor channel complex 2, 8 (Fig. 1) . MEC-4 and MEC-10 are postulated to form a heteromultimeric channel in which extracellular domains interact with proteins situated in a specialized extracellular matrix that encircles the touch receptor neurons. Likewise, the channel intracellular domains may be tied
Closing in on a mammalian touch receptor
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A recent Nature paper on mice lacking the Na + channel BNC1 shows that this channel is essential for neuronal touch receptor function and may be part of a mechanosensory complex.
might not be able to recycle back to the plasma membrane.
How the insulin pathway is regulated remains unclear, as both protein kinase 1 and phosphatase 2 inhibitors seem to inhibit insulin-mediated glutamate receptor internalization. One possible explanation could be that cycles of phosphorylation and dephosphorylation are involved in the insulin pathway or that multiple components mediate internalization, of which some must be phosphorylated and others dephosphorylated for activation. This second possibility seems less likely in view of studies on synaptic vesicle recycling in the presynaptic nerve terminal, where many of the endocytotic components seem to be in the same (dephosphorylated) state 13 . More work is needed to sort out the mechanistic differences and fine details of this signaling pathway. The most intriguing observation is the differential subcellular distribution of internalized receptors depending on the stimulus. Insulin-triggered AMPAR endocytosis preferentially occurs in the cell soma and, in contrast to the AMPAR-and NMDAR-mediated pathways, does not seem to lead to recycling of receptors to the surface. It is therefore tempting to speculate that AMPA and NMDA mimic physiological responses regulating synaptic plasticity phenomena such as LTD, which happen on a time scale of minutes, whereas the insulin cascade could cause longterm modulation of the relative rates of exo-and endocytosis via irreversible redistribution of AMPARs to late endosomal compartments 14 .
In spite of all the excitement, many unanswered questions remain: how is spatial regulation achieved between discrete portions of the neuron and how are these pathways interconnected? How exactly is the insulin signal transduced? Do all of these pathways eventually converge or are there specific proteins that confer unique properties onto a given pathway? Given the rapid pace of progress in this field, it is likely that we will not have to wait long before the answers to these questions emerge.
